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faithful animal models of human disease 
that are now becoming available through 
the application of molecular biological 
techniques, we can more closely exam-
ine these diﬀerent pathways and where 
they ultimately converge to yield a com-
mon morphologic picture, and in doing 
so add a new dimension to the study of 
glomerular and other diseases.
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It’s not all about nephrin
M Simons1 and TB Huber2
Mutations in the NPHS1 gene cause congenital nephrotic syndrome 
of the Finnish type.  The gene product nephrin is a structural 
component of the glomerular slit diaphragm formed by neighboring 
podocytes. Nephrin has also been suggested to  be involved in 
signaling processes that are important for podocyte survival and 
differentiation. A new study by Doné et al. reports that the absence 
of nephrin leads to the lack of slit diaphragms but does not affect 
podocyte apoptosis and gene expression patterns. 
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Ultraﬁltration of plasma in the renal 
glomeruli is a major function of the 
kidneys. During an average human life-
time, the glomeruli produce as much as 
5 million liters of primary urine. As the 
primary urine is virtually protein free, 
this means that more than 200,000 kg of 
albumin has to be prevented from cross-
ing the glomerular filtration barrier. 
The glomerular filter accomplishing 
this tremendous ﬁltration comprises a 
fenestrated endothelium, the glomeru-
lar basement membrane, and podocytes, 
highly specialized epithelial cells of the 
kidney. These podocytes elaborate long, 
regularly spaced, interdigitated foot 
processes that completely surround 
the glomerular capillaries and form an 
approximately 40-nm-wide ﬁltration 
slit. The ﬁltration slit is bridged by an 
electron-dense membrane-like struc-
ture, the slit diaphragm (Figures 1–3).
The molecular identity of the slit dia-
phragm remained elusive for decades 
until the Tryggvason group identified 
nephrin as a critical component of the 
slit membrane.1 Nephrin was discov-
ered through positional cloning of the 
NPHS1 gene, mutated in patients with 
congenital nephrotic syndrome of the 
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Finnish type.1 It is a transmembrane 
adhesion protein of the immunoglobu-
lin superfamily.1 Lack of nephrin results 
in a loss of the slit diaphragm and mas-
sive proteinuria in utero.2 Since then 
a growing number of slit diaphragm 
proteins have been identified, including 
ZO-1, podocin, CD2AP, Neph1–Neph3, 
P-cadherin, Densin-180, and FAT1.3 
On the basis of the domain structure 
and the absence of slit diaphragms 
in NPHS1 mutant patients and also 
nephrin knockout mice, it has been 
suggested that nephrin is a structural 
molecule that undergoes homophilic 
interaction on the neighboring podo-
cytes4 (Figure 1). In addition, nephrin 
has been shown to be involved in sign-
aling processes. Through phosphoryla-
tion of its C terminus, nephrin engages 
in cytoskeletal rearrangements as well 
as in antiapoptotic signaling. The sig-
naling properties of nephrin seem to 
require the interplay with other slit 
diaphragm proteins such as podocin 
and CD2AP.3 However, it remains to be 
determined exactly what downstream 
events are triggered by nephrin signal-
ing in vivo and whether these are nec-
essary for the development and/or the 
maintenance of the filtration barrier.
Doné et al.5 (this issue) now provide 
evidence that nephrin is dispensable for 
early diﬀerentiation and survival signal-
ing.5 In nephrin-null mice, the prolifera-
tion and apoptosis rate in the glomerulus 
remained unaﬀected.5 Transcriptional 
proﬁling revealed only minor changes in 
gene expression, including that of genes 
that are critical for podocyte function.5 
Except for broadening of foot processes, 
the overall organization of podocyte 
architecture appeared to be intact in the 
absence of nephrin. On the junctional 
level, however, the podocytes compen-
sated for the lack of nephrin with upreg-
ulation of tight junction proteins such as 
claudin 3.5
In light of recent findings on the 
role of nephrin in diverse signaling 
processes, nephrin’s overall low impact 
on podocyte differentiation is rather 
surprising. During glomerular devel-
opment, the podocytes arise from a 
columnar visceral epithelium char-
acteristic of the S-shaped body stage. 
In the capillary loop stage, the future 
podocytes begin to elaborate their foot 
process morphology (Figure 2). This 
process is accompanied by the con-
version of apical tight junctions into 
more basally located slit diaphragms 
— in fact, the retrograde conversion is 
often seen under pathological condi-
tions. During normal development, an 
increased phosphotyrosine signal can be 
detected in the early slit diaphragms.6 
Phosphorylated tyrosine motifs on the 
cytoplasmic tail of nephrin have been 
shown to serve as docking sites for SH2-
containing proteins of the Nck family.7,8 
It has therefore been suggested that the 
slit diaphragm maturation, including 
its ﬁrm anchorage to the actin cytoskel-
eton, is reinforced through outside-in 
signaling occurring at the junctions or 
even from the neighboring podocytes. 
According to the ﬁndings by Doné et 
al.,5 this signaling might not involve 
transcriptional regulation. At least dur-
ing development, the podocytes still 
maintain a normal gene expression 
proﬁle in the absence of slit diaphragms. 
This suggests that the signaling occur-
ring at the slit diaphragm has only local 
consequences, for example on the actin 
cytoskeleton. However, it is still an open 
question whether this is true for situ-
ations occurring outside the develop-
mental context, in particular in stress 
situations such as hyperﬁltration or dur-
ing repair processes.
It is interesting to see that podocytes 
still can form junctions and foot proc-
esses in the absence of nephrin. The 
nature of nephrin-deficient junctions 
still needs to be studied in more detail. 
It seems, however, that podocytes retain 
Figure 1 | Schematic diagram of the glomerular slit diaphragm. Nephrin undergoes 
homophilic interaction on neighboring podocyte foot processes. The intercellular junction 
also contains the adhesion molecule NEPH-1. The slit diaphragm is firmly anchored to the 
underlying actin cytoskeleton and is involved in several cellular processes. (Adapted from 
ref. 13.)
Figure 2 | Podocyte development. During development, podocytes (green) arise from simple 
columnar epithelial cells (blue). Their tight junctions convert into more basally located slit 
diaphragms during this process. (Adapted from ref. 14.)
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their tight junctions from earlier stages 
of development, which is reflected by 
the upregulation of claudin 3. Nephrin 
probably makes the difference between 
the observed cell junction and the slit 
diaphragm; however, nephrin is not 
necessary for the assembly of the cell 
junction per se. At least on the light-
microscopy level, the junctions also 
contain other components of the later 
slit diaphragm, such as podocin and 
CD2AP.5 But without nephrin these 
proteins fail to organize the podo-
cyte’s filtration capacity, which is high-
lighted by the massive proteinuria seen 
in NPHS1-mutated patients and mice. 
NEPH-1, another immunoglobulin-
superfamily protein of the slit dia-
phragm with homology to nephrin, 
obviously also fails to compensate 
for the loss of nephrin.9 Likewise, in 
NEPH-1-deficient mice, nephrin alone 
cannot prevent slit diaphragm loss and 
proteinuria.
With respect to the foot processes 
there seems to be a slight diﬀerence in 
both mouse models. Whereas it appears 
that nephrin-deﬁcient mice still develop 
broadened foot processes, NEPH-1 deﬁ-
ciency leads to a complete foot process 
retraction or ‘foot process eﬀacement’ 
in newborn mice.9 In Drosophila, the 
NEPH-1 homologue Irre-C functions 
as an axon guidance molecule that 
organizes correct projections of visual 
ﬁbers in the optic chiasms of Drosophila 
Figure 3 | Scanning electron micrograph 
of adult podocytes demonstrating the 
elaborate foot process network that 
surrounds the glomerular capillaries.
optic ganglia.10 The analogy of axonal 
projections to podocyte processes is 
tempting and leads to the suggestion 
that NEPH-1 might contribute (more 
than nephrin) to foot process migration 
and interdigitation.
Podocyte depletion through apop-
tosis seems to be a common theme in 
the development of glomerulosclerosis. 
Recent studies identified antiapoptotic 
AKT-mediated signaling pathways 
initiated by the slit diaphragm mol-
ecules nephrin and CD2AP as well as 
by integrins and integrin-linked kinase 
(ILK) at the podocyte sole, suggesting 
that these molecules synergistically con-
tribute to a ‘survival tone’ in podocytes.3 
In agreement with these findings, loss 
of CD2AP results in increased apoptosis 
rates of podocytes in 3- to 4-week-old 
mice.11,12 Doné et al.5 now demonstrate 
that loss of nephrin does not result in an 
impairment of podocyte viability. This 
suggests that nephrin-mediated sur-
vival signaling, at least during glomeru-
lar development, can be compensated 
for by other molecules such as ILK and 
CD2AP.5 Future studies will have to 
determine the impact of nephrin-medi-
ated AKT signaling in adulthood and/
or under glomerular disease conditions 
in vivo.
This new study by the Tryggvason 
group5 emphasizes the importance 
of in vivo models for gaining knowl-
edge in glomerular biology. The study 
of dynamic signaling events in mam-
mals has been hampered by the low 
accessibility of the podocytes and their 
tiny foot processes. A very promising 
approach might include the use of lower 
model organisms that are genetically 
tractable and oﬀer high-resolution in 
vivo analysis. Nephrin and NEPH pro-
tein complexes have been found to be 
critical regulators of cell adhesion and 
cell signaling not only at the kidney 
ﬁltration barrier in mammals, but also 
in the zebraﬁsh pronephros, the pupal 
eye, optic nerves, and somatic muscles 
of Drosophila, or during synaptogen-
esis in Caenorhabditis elegans.3 How-
ever, in order to obtain a meaningful 
understanding of podocyte biology and 
pathobiology, all ﬁndings will eventually 
have to be correlated with good mouse 
models. The nephrin knockout mouse 
accurately models congenital nephrotic 
syndrome of the Finnish type and is 
therefore an important part of the podo-
cyte toolbox. Genetic interaction stud-
ies with other important podocyte genes 
combined with conditional knockout 
strategies represent inevitable future 
steps in grasping the entire genetic net-
work of the podocyte. This network may 
not be all about nephrin, but it certainly 
still cannot function without it.
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